Several types of data were collected at Site 765 that can be used to determine the seismic velocities of the sediments. These data include a Sonobuoy profile, a vertical seismic profile, a sonic log, and traveltime measurements through core samples. This study compares the velocity information determined from these various data sets, with emphasis on the analyses of the Sonobuoy data. The Sonobuoy data were processed and analysed in the x-p domain to produce an interval-velocity/depth profile. A comparison of the Sonobuoy results with the results of analyses of the other data sets reveals a good agreement among all of the velocity measurements. The velocity/depth profile determined from the analyses of the Sonobuoy data is used to convert normal-incidence reflection times to depth, thus enabling the lithologies observed in the cores from Site 765 to be tied to regional reflection profiles.
INTRODUCTION
The physical property of seismic velocity refers to the speed at which seismic energy propagates through a given medium. The accurate determination of the seismic velocities of various units within a sedimentary column is essential to the task of converting to depth the two-way, vertical traveltime of a reflection event observed on a seismic reflection profile. This time-to-depth conversion is especially important if the lithologies observed in cores drilled from the ocean floor are to be extrapolated regionally using regional reflection profiles.
We have analyzed Sonobuoy wide-angle-reflection data collected during Leg 123 of the Ocean Drilling Program (ODP) near Site 765 on the Argo abyssal plain. The analysis involves the fitting of ellipses to the x-p transformed seismic data to determine interval velocities. The results of the x-p analyses are compared with results from the more traditional approach of fitting hyperbolas to the X-T data to determine RMS (root-mean-square) velocities and obtaining interval velocities from Dix's (1955) 
The velocity structure determined from the analyses of the Sonobuoy data is compared with velocity information obtained from other types of traveltime data collected at Site 765, including (1) traveltime measurements through core samples taken on board the JOIDES Resolution, (2) traveltime measurements from the sea surface to various depths within the borehole obtained during the VSP (vertical seismic profile) experiment, and (3) sonic log measurements, or traveltimes along the borehole over distances of several meters.
Data Acquisition and Analyses
Sonobuoy Line 2 (SB Line 2) ( Fig. 1 ) extends from 5.5 km northeast to 8.0 km southwest of Site 765, with the point of closest approach located -1.5 km southeast of the site. During the data acquisition the ship was traveling at a speed of approximately 7.5 kt, and shots were fired every 20 s from two 80-in. 3 water guns. The filter settings of the recording instruments were changed from a pass band of 5-250 Hz to 5-60 Hz after the 45th shot (-4.5 km range). The effect of the change in acquisition parameters is clearly seen in a reduced-time plot (T = T-X/1.5, Δ X = 99.0 m) of the direct-wave arrival (arrow, Fig. 2) .
The SB Line 2 seismic profile is shown in Figure 3 out to a range of just beyond 13.0 km. The data have been band-pass filtered (5-55 Hz, zero-phase, Butterworth filter) and normalized so that the maximum amplitude of each trace is one. The acquisition-related change in trace character is again evident at -4.5 km range. However, with the exception of this one flaw, the quality of the data is good. SONOBUOY DATA ANALYSES
x-p analyses
The x-p analyses of the Sonobuoy data involved (1) the transformation of the Sonobuoy data into the x-p domain and (2) the use of the x-p normal-moveout technique to determine interval velocities from visually fit elliptical trajectories through the x-p section. Various aspects of the X-T to x-p transformation have been discussed in detail by McMechan and Ottolini (1980) , Phinney et al. (1981) , Stoffa et al. (1981) , and others. The determination of interval velocities by means of the x-p normal-moveout method has been presented by Schultz (1982) and Stoffa et al. (1982) . Theoretical aspects of the inversion problem thus will be discussed only briefly here.
The sediments in the vicinity of Site 765 are, in general, horizontally stratified. Thus, we may assume that the velocity structure of the sediments consists of a stack of homogeneous, laterally isotropic layers having thicknesses Z, and slownesses Mj = 1/Vj. If we consider a seismic ray path through this stack, then the vertical and horizontal components of slowness along the path are given by 
where ij is the angle of the ray in the yth layer with respect to the vertical and the horizontal component of slowness, or ray parameter, p, remains constant along the ray path by SnelFs law. The total traveltime for a plane wave reflected or refracted from the nth interface is then
where X is the offset distance between the source and the receiver.
Equation 2 defines a straight line in the X-T domain that is tangent to the traveltime curve at point (X,T), with slope p and intercept time The intercept time, T, is physically interpreted as the two-way, vertical traveltime of the ray with parameterp. The X-T traveltime curves can be reparameterized in terms of x and p. For reflections from the base of a single, horizontal layer, we have
(4)
This equation describes an ellipse in the x-p plane. The x-p mappings of the X-T traveltime curves for multiple layers are the sums of ellipses (Schultz, 1976; Deibold and Stoffa, 1981) 
The reflection from the first interface is a true ellipse in x-p, and the reflections from successively deeper interfaces have pseudo-elliptical trajectories.
The X-T to x-p Mapping
An offset seismic section can be mapped into the x-p domain by means of the slant stack. The term slant stack refers to the operation of a constant-ray-parameter stack, or summation, along linear trajectories through an X-T seismic section at various intercept times. By slant stacking over a range of ray parameters, p, and intercept times, t, the entire X-T seismic section can be mapped into the x-p domain. This transformation is described by the equation,
where / is the seismic section, F the x-p mapping, and N the number of X-T traces over which the summation is performed.
Unfortunately, the slant-stack process will introduce artifacts into the x-p section if the X-T data are spatially aliased. A trace spacing less than one-half of the wavelength of the highest frequency one wishes to resolve is required to avoid spatial aliasing. The highest frequencies that we consider are 55 Hz, and the horizontal phase velocities observed on the profile beyond 5 km range are between 2.0 and 3.0 km/s. To prevent spatial aliasing, the trace spacing would have to be 1/2 (2 km/s ÷ 55 Hz), or 18 m. The trace spacing of SB Line 2 is 99 m. Thus, the Sonobuoy data are spatially aliased. Figure 4 shows the x-p section resulting from a standard slant stack of the Sonobuoy data in which all of the traces of the profile were considered in each ray parameter stack. The elliptical trajectories of the reflection events are buried in aliased energy, which appears as linear events fanning out from high to low values of p.
A number of windowing and interpolation schemes have been proposed to reduce the problems associated with slant stacking spatially aliased, offset-seismic data (Schultz and Claerbout, 1978; Stoffa et al., 1981; Singh et al., 1989) . We use an approach that incorporates a priori knowledge of the water depth, along with the thickness and average velocity of the sediments at Site 765. With this information one can determine a range of ray parameter over which each trace should be slant-stacked. This transformation approach is similar to that proposed by Mitchell and Kelamis (1990) who limit the range of ray parameter for each data point using a predetermined velocity model. In our method, the ray parameter of the water-bottom reflection is solved for analytically, and the ray parameter of the basement reflection is determined by a ray trace through a constant-thickness, constantvelocity (2 km/s) sedimentary layer. The entire trace is then slant-stacked over this limited range of ray parameter. This transformation method, which we refer to as a ray-traced slant stack, is not especially sensitive to the assumed parameters, is extremely fast, and produces an excellent result ( Fig. 5 ).
Exact normal moveout in x-p Schultz (1982) and Stoffa et al. (1982) presented a layer-stripping method for determining interval velocities from a x-p section based on the traveltime equations in x-p. Equation 5 indicates that the reflections from a layered stack appear as the sums of ellipses in x-p. The reflection from the first interface is a true ellipse, and the reflections from deeper interfaces are pseudo-elliptical. Equation 5 can be rewritten in terms of the two-way, zero-offset (normal-incidence) traveltime, tj = 2Z/Vj as (Stoffa et al., 1982) 
where x n _j(p) is the total vertical traveltime for a ray with parameter, p, reflecting off the (n -l)th interface.
The earliest reflection of the x-p section is a true ellipse. Thus, the interval velocity of the first layer can be determined by simply fitting an ellipse to this event. This is essentially ray tracing in the x-p domain. Equation 8 can be used to determine the interval velocities of the next layer by "moving out" the x-p section to a new datum, t x . The reflection event from the first interface is thus made horizontal, and the trajectory of the reflection event from the next interface becomes a true ellipse from which the interval velocity of this layer can be determined. The procedure continues in this fashion until all of the reflection events on the x-p section have been corrected to their two-way, zero-offset, vertical traveltime. If the interval velocities used to move out the reflections are correct, the resulting moveout-corrected x-p section will consist of a sequence of horizontal events.
This method is similar to the standard normal-moveout correction applied to multifold seismic data prior to stacking. However, the standard normal-moveout correction in X-T is a two-term approximation to the hyperbolic traveltime equation, which is only valid for small angles of incidence. The moveout correction in x-p is exact for all angles. The method is thus referred to as exact normal moveout. This procedure was carried out using an interactive computer program at the University of Texas Institute of Geophysics. The x-p section is displayed on the computer screen, a normal-incidence time is picked for a reflection event, several velocities are chosen and the corresponding ellipses drawn until a good fit to the event is found. The x-p section is then moved out, and the fit is judged good if the event becomes horizontal. The procedure continues until all prominent events have been moved out.
The ellipses that were fit to the SB Line 2 data are shown in Figure 6 . The resulting moveout-corrected section is shown in Figure 7A , with depths below seafloor and layer velocities indicated next to the layer-interface numbers on the right of the figure.
Most of the events are now horizontal, which suggests that the interval velocities used to apply the moveout correction are good. The prominent linear "break" in the x-p section between 0.20 and 0.29 s/km is the effect of resetting the filter parameters during acquisition and should not be interpreted as the effect of faulting, which the break may resemble. Although the character of the traces changes abruptly across the break, the moveout of the reflection events is unaffected. Thus, the accuracy of the moveout corrections that were applied to the various reflections can still be judged on the basis of whether the reflections have become horizontal.
In Figure 7B , the velocity/depth function is overlain on the single-channel, vertical seismic reflection record that was recorded at the same time as the Sonobuoy data. The gain of the single-channel data was adjusted using a 500-ms, automatic-gaincontrol operator. The data were filtered with a 15-to 55-Hz, band-pass filter, and each trace was mixed with its nearest neighbors to improve the signal/noise ratio.
Several features of the reflection section are worth mentioning. First, the events between 8.0 and 8.3 s dip gently to the northeast. The Sonobuoy line was shot in the "updip" direction relative to these events, and the interval velocities for these normal-incidence times may be slightly high. The velocity/depth function does indicate a high-velocity zone between 8.0 and 8.15 s. The dip is too small, however, to account for such an abrupt increase in velocity. Notice that the large velocity contrasts at the top and bottom of the high-velocity zone correlate with the largest reflection amplitudes observed on the section.
Second, the reflections in the center of the section are offset by what appears to be a fault between 8.0 and 8.5 s. Also note the roughness of the basement reflection, which occurs at around P (s/km) 8.5 s. The presence of dip and faulting within the sedimentary section and significant relief of the basement topography may introduce some error into the velocity analyses, which assumes a horizontally stratified media. These features, however, are not too pronounced and probably do not significantly affect the results.
Interval velocities from semblance in X-T
The method of determining interval velocities from stacking velocities using Dix's (1955) equation is very common in the analyses of multifold seismic data. The stacking velocity, V s , is determined as that velocity which produces the "best fitting" hyperbola, reflections from the nth interface (Dix, 1955) . The interval velocities can be determined from Dix's equation (1955) as VftMS, n‰,n~ *RMS, n -H 0, w -1
Tn " -1 ft " _ 1 (10)
in the sense that the amplitudes of the traces along the hyperbolic trajectory maximize some coherency statistic, typically semblance (Taner and Koehler, 1969) . Stacking velocities can be chosen for various reflection events from a velocity spectra plot, which is typically a contour plot of semblance values determined for a range of velocities at various intercept times. If the stacking velocities are assumed equal to the RMS velocities, then Equation 9 is the two-term approximation to the traveltime equation for
where v n is the interval velocity of layer n. Equation 9 is based on a small-angle approximation which is only valid for small offset distances. As traces at larger offsets are considered, the stacking velocity determined from the best-fit hyperbola will diverge from the true RMS velocity. The limited bandwidth of the data also introduces uncertainties in the determination of stacking velocities and intercept times. Equation 10 is sensitive to errors in the values of RMS velocity and intercept time. Stoffa et al. (1982) presented examples from real and synthetic data suggesting that even in the best conditions, errors in interval velocities determined by this approach can easily be on the order of 5%-10%. Figure 8 is a velocity spectra plot of semblance values between 0.4 and 1.0. These spectra were calculated from the first 4. 7.85 s. The events between 8.0 and 8.1 s are less coherent than the other events in the 7.9-8.35 s interval. This 8.0-to 8.1-s interval coincides with the high velocity zone (2.32 km/s) determined by the x-p analyses and also coincides with the maximum scatter in the velocities measured from the core samples (discussed below). The interval velocities determined from the semblance picks are shown in Figure 9 along with the interval velocities determined from the x-p analyses. The two results are generally similar. The velocity of the interval between 750 and 1000 mbsf (meters below seafloor) determined from the semblance pick at 8.5 s is considerably higher than the velocity determined from the x-p analyses. The semblance values at 8.5 s are somewhat low (0.5), however, which reflects the discontinuous nature of the basement reflection.
The interval velocities determined from the x-p analyses are preferred because of the better resolution of the method and because the method involves no offset-dependent approximations. A similar semblance analyses was performed on the x-p transformed data, where elliptical trajectory based on RMS velocities were scanned. The semblance plot and resulting interval velocities were virtually identical to those determined from the analyses of the X-T data.
VELOCITIES FROM VSP, CORE SAMPLES, AND THE SONIC LOG
The VSP Data A VSP experiment was conducted in the cased Hole 765D (Bolmer et al., this volume). The VSP tool occupied 35 stations spaced 12-30 m apart between 186.0 and 915.0 mbsf. Shots were fired from a 1000 in. 3 air gun and a 400 in. 3 water gun. During the experiment, arrivals detected by the VSP geophones were monitored in the Underway Geophysics Laboratory, and the tool remained at a station until clear signals from at least five shots from each gun were recorded. The data from each station were subsequently edited, and the good traces stacked to enhance the signal/noise ratio. The resulting VSP stacked section for the air gun shots is shown in Figure 10 .
Interval velocities can be determined from the VSP data by dividing the distance between two stations, dz, by the difference of the arrival times, dt, of the direct wave recorded at the two The effect of errors in dz will be reduced if velocities are calculated over larger intervals. However, there will be a loss of resolution in the velocity profile if the velocities are calculated over an interval of three VSP stations, say, as opposed to two. By computing a "weighted-average" interval velocity between each VSP station the effect of errors in dz can be reduced while maintaining the resolution of the experimental station spacing.
A weighted-average interval velocity between VSP Stations 2 and 3, for example, can be computed as the average of the computed interval velocities between Stations 1 and 3 and between Stations 2 and 4. This is, in a sense, a signal-enhancing, low-pass filter, in that noise (the effect of presumably random errors in the determination of the depth of the tool) is reduced, while the velocity determined for a particular interval is influenced by the velocities of the intervals above and below (as if the velocity function had been convolved with a triangular operator). The resulting weighted-average interval velocities are plotted in Figure 11 as a heavy, dot-dash line. The fluctuations in the velocities are reduced and the agreement between the VSP-determined velocities and those determined from the Sonobuoy (light, dashed line) is improved, particularly in the interval between 550 and 800 mbsf. The high velocity zone indicated by the VSP results between 350 and 500 mbsf roughly corresponds with high velocity zone indicated by the Sonobuoy results between 400 and 500 mbsf.
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Core Sample and Sonic Log Velocities.
Compressional (p-wave) velocities were determined in the laboratory for core samples by dividing the length of the sample by the traveltime of a 500-kHz compressional wave through the sample. In general, laboratory-measured velocities differ from in-situ velocities because of differences in confining pressure, drilling disturbance of the sediments, and changes in pore-fluid conditions. These factors all tend to decrease the bulk modulus of the sample relative to the in-situ bulk modulus. As a result,/?-wave velocities measured in the laboratory tend to be systematically low (Carlson et al., 1986) . P-wave velocities were also measured using the Schlumberger sonic-log tool. This tool measures the traveltime of p-waves from a 50 kHz source to an array of receivers located 8, 10, and 12 ft from the source. The seismic energy travels from the source (located on the tool) through the borehole fluid, along the formation wall, and then back through the fluid to the receivers located on the tool. The use of an array of receivers compensates for variations in traveltime due to the rugosity of the formation wall and inhomogeneities of the borehole fluid.
The velocities determined from the core samples and sonic logs are plotted in Figure 12 along with the interval velocities determined from the Sonobuoy and VSP. The sonic log data were convolved with a 19-point (15 cm/point), unit-area, triangular weighting function to filter out high frequencies. Also shown in Figure 12 is the empirical velocity/depth curve (dashed line) of Carlson et al. (1986) , determined from a compilation of lithology/vertical-reflection correlations from 154 DSDP sites worldwide. Carlson et al. (1986) suggested that the empirical velocity/depth function for oceanic sediments they obtained, 
Figure 12. Site 765 velocities determined from core-sample measurements (dots), the Sonobuoy (heavy line), the sonic log (medium line), and the VSP (light line). The dashed line is the empirical velocity/depth curve for oceanic sediments by Carlson et al. (1986) .
is independent of age and composition of the sediment and depends only on overburden pressure and temperature, which are related to depth of burial. The trend of the core-sample velocities generally follows the empirical function. However, the core sample velocities fall systematically below the values of the empirical function.
DISCUSSION
The velocities from the Sonobuoy, the VSP, and the sonic log agree reasonably well over most intervals. Although in most cases the core-sample velocities are predictably lower than the other velocity measurements, changes in the core sample velocities between 550 and 900 mbsf agree with similar changes in the other velocity measurements. The largest differences between the various results occur in the intervals between 0-240 mbsf and 400-500 mbsf.
Cores recovered from 0 to 190 mbsf consist mostly of unlithified nannofossil ooze. Lithification of the sediments gradually increases from 190 to 379 mbsf, at which depth a fairly marked increase in lithification occurs. In the interval 0-240 mbsf, the velocities determined from the Sonobuoy (1.47-1.54 km/s) are near the velocity of water, reflecting the highly unconsolidated nature of the sediments. However, these velocities are lower than both the velocities determined in the laboratory and those predicted by the empirical function. The sonic log data begin at approximately 190 mbsf, with values of-1.75 km/s, significantly greater than the other measurements and the empirical function. Thus, the Sonobuoy velocities are probably too low within the 0-240 mbsf interval. The empirical function probably gives a good estimate of the velocity to a depth of around 150 mbsf, at which point a stronger velocity gradient is necessary to bring the velocity values nearer those of the sonic log.
The abrupt increase in the Sonobuoy velocity profile at 240 mbsf does not coincide with any similarly abrupt change in core lithology. (This depth does roughly coincide, however, with a somewhat abrupt increase in drilling disturbance and decrease in core recovery at 231 mbsf.) Nevertheless, this increase brings the Sonobuoy velocities in line with those of the sonic log and VSP. The Sonobuoy and sonic log velocities agree well within the 240^00 mbsf interval.
The Sonobuoy velocity profile again abruptly increases at 400 mbsf from 1.91 to 2.32 km/s, defining the top of a high-velocity layer that extends to 500 mbsf. The VSP velocities also increase significantly between 325 and 400 mbsf. This increase probably reflects the increase in lithification observed in the cores at 380 mbsf and the presence of a high velocity pebble conglomerate between 460 and 475 mbsf. However, the velocities from the VSP in the 400-500 mbsf interval are 0.30 km/s lower than those determined from the Sonobuoy. One explanation for this difference may be a lateral variation in the thickness of the conglomerate layer. The scatter of the core-sample velocities illustrates the variability of the velocities within the conglomerate (some of the velocities are greater than 4 km/s). Horizontal velocities (which are measured by the Sonobuoy) may be higher than vertical velocities in this interval because of the presence of the high-velocity material within the conglomerate, which may be more extensive laterally than directly beneath the drill site. The slight dip of the reflections between 8.0 and 8.3 s observed on the single-channel profile may result in slightly higher interval velocity determinations from the Sonobuoy.
Given the good agreement of the sonic log, VSP, and core-sample velocities between 500 and 550 mbsf, the Sonobuoy velocities in this interval seem somewhat high. Likewise, the VSP velocities below 800 mbsf seem somewhat low. In general, however, all of the velocity measurements agree well below 550 mbsf. Even the small changes in the Sonobuoy profile at 600 and 750 mbsf, seemingly below the resolution of the method, appear to be verified by the sonic log and core-sample velocities.
Because the agreement of the Sonobuoy velocities and those of the other measurements is good, the Sonobuoy velocities can be used with confidence to estimate depths to reflections observed on regional multifold seismic profiles. In Figure 13 , the Sonobuoy velocity profile is overlain on a portion of the BMR (Australia Bureau of Mineral Resources) Rig Seismic Line 56-23C. This line trends southeast (approximately perpendicular to SB Line 2) and passes over Site 765 and the closest approach of SB Line 2 to the site (Fig. 1) . The depths to the seismic sequence boundaries interpreted by Buffler (1989) are indicated at the right of the figure. These depths can be used to tie the seismic sequences to the lithologies observed in the cores recovered at Site 765.
CONCLUSION
The acquisition of Sonobuoy, VSP, sonic log, and core-sample traveltime data at Site 765 provided a rare opportunity to compare the velocity information that can be derived from these types of data. None of the data are perfect. A change in acquisition parameters in the middle of the Sonobuoy experiment makes the Sonobuoy data less than ideal. The depths of the VSP stations may contain significant errors due to the difficulties setting the tool in the casing and the considerable water depth of the hole. The sonic log data do not cover the entire length of the hole and are sporadic within the logged interval. The core samples were affected by drilling disturbance, and traveltimes were not measured at in-situ conditions. Nevertheless, the resulting velocities from all data types agree well. Although the velocities determined from the core samples are generally lower than those determined from the other data, the difference is systematic and abrupt changes in core-sample velocities generally match similar changes in the other velocity measurements. The "scatter" of the interval velocities determined from the VSP data associated with uncertainties in the positioning of the tool were reduced by computing a weighted-average interval velocity between each VSP station. The velocities determined in this way agree well with the trend of the other velocity determinations.
The velocities determined from the Sonobuoy for the interval 400-500 mbsf may be somewhat higher than the vertical velocities for similar depths in the vicinity of Site 765. This is probably a result of (1) the presence of high-velocity material within a pebble conglomerate at these depths, which may vary laterally, and (2) the presence of a slight dip in the strata at these depths. Below 550 mbsf all of the velocity measurements are in agreement.
Of the four types of velocity measurements, the Sonobuoy profile provides the least direct measure of seismic velocity at a particular location and depth. However, because it is an indirect measure, Sonobuoy data are considerably less difficult and less expensive to acquire. The good agreement of these various data types is significant in that it provides a verification of the Sonobuoy method, and in particular the x-p approach. These results suggest that given good quality data and a reasonably uniform geologic setting, sonobuoys can be used to determine accurate and detailed velocity/depth functions.
